
Memorandum

March 28, 2017

To: Kevin Bilash, USEPA, Region 3 Ref. No.: 11102641

From: James Moir/kf/3

/cc: Colleen Costello, David Steels cC
Subject: CorMix Modeling

1. Introduction

The Site was a refinery with oil storage from approximately 1902 until it was idled and ceased operations In

September 2012. Currently, the Site is known as the "Marcus Hook Industrial Complex" or "MHIC" and is

used for petroleum liquids, ethane, butane and propane storage and gas processing. The Site Is located at

100 Green Street, Marcus Hook, PA along the Delaware River. Predominantly, the Site is located on

approximately 590 acres along the Delaware River in Marcus Hook, Pennsylvania, but a small portion of the

southwest corner of the Site Is located in the State of Delaware. GHD has prepared this memorandum to

provide Evergreen Resources Group, LLC (Evergreen) with the surface water mixing zone model from the

Site to the Delaware River (see Figure 1.1).

The purpose of the surface water mixing zone modeling is to calculate conservative dilution factors for

on-Slte groundwater discharging to and mixing with surface water (Delaware River) in order to predict the
groundwater concentrations that will not result in an exceedance of the DRBC fish ingestion criteria. The

acceptable on-Site groundwater concentrations will be calculated by multiplying the dilution factor generated
from the modeling results by the applicable Pennsylvania Chapter 93 Surface Water Standards and the

Delaware River Basin Commission (DRBC) Surface Water Standards for each groundwater constituent,

which can then be compared to available on-Site groundwater results.

2. Mixing Zone Model Software Selection

The first step in the surface water mixing zone modelling study involved determining the most applicable

modelling software for the Site-specific groundwater-to-surface water interface. In Pennsylvania, typically the
Pennsylvania Department of Environmental Protection (PADEP) PENTOXSD model is utilized for evaluating
groundwater discharge to surface water. The application of PENTOXSD to tidally active regions of

unconfined aquifers is not described in the PA Act 2 Guidance. The presence of tidal flats along river

shorelines can function as areas of groundwater to surface water discharge that may not result in the dilution

as would be calculated by PENTOXSD. Based on the Observations of Tidal Flow in the Delaware River,

E.G. Miller, Geological Survey Water-Supply Paper 1586-C (Paper 1586-C, attached) there is a significant
tidal influence along the Site shoreline and as a result CorMix modelling software was utilized instead of

PENTOXSD. CorMix is able to more accurately consider mixing behavior and plume geometry under tidal
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conditions. The CorMix model applies a computational algorithm that considers the mixing zone volume

variable dependent on the distance from the original Site-specific groundwater-to-surface water interface.

Additionally, CorMix allows for tidal information to be included so that the model can accurately estimate the

reduced (conservative) dilution due to tidal re-entrainment.

2.1 CorMix Model Software

Version 9.0 of the CorMix modelling software, distributed by MixZon Inc., was used to calculate the

conservative dilution factors for on-Site groundwater discharging to and mixing with surface water in the

Delaware River.

2.2 CorMix Input Parameters

Input parameters for the CorMix model include groundwater flux into the receiving surface water body,

surface water flux at the point of groundwater discharge, and the dimensions of the receiving surface water

body. A summary of the model input parameters and their sources are provided in the text below.

Although CorMix is commonly used as a model used for end-of-pipe mixing, Cormix is also used for

modeling seeps along shorelines. To model a seep in CorMix, the approach is to use a "virtual diffuser". The

"virtual diffuser" approach used is the multi-port diffuser module with a large number of ports tightly spaced
with the ports placed vertically in the wateT^umn. This causes CorMix to use the equivalent "slot"
calculation (a rectangular shape outlet), thus simulating a seep. The "virtual diffuser" can be any length, also

to simulate the seep geometry. The port diameters in the virtual diffuser can be made large so that exit

velocities are small, as in a seep.

A conservative approach was taken in selecting parameters describing the dimensions and hydrodynamics

of the Delaware River as well as the aquifer and groundwater flow from the Site. The groundwater contours

for the area are presented on Figure 1.2. The groundwater gradient into the Delaware River was evaluated

across the entire shoreline of the Site, as summarized in Section B.2.3. Based on that evaluation, a

conservation flux estimate of 0.02 cubic feet per second (ft^ec) was applied along the entire length of the
shoreline, even if a bulkhead was present. The entire length of the groundwater-to-surface water interface

(shoreline of the Site) was then evaluated by varying the diffuser length in the model.

The individual ports can be defined in CorMix as discharging in either a vertical direction or in a horizontal

direction. The outlet ports were positioned in the model in the horizontal direction which is appropriate for

discharge with a low flow velocity, as from a zone of groundwater discharge into surface water, since any

added momentum in the offshore direction will be negligible.

Based on the examination of the local bathymetry map listed in Paper 1586-C, the local river depth adjacent

to the Site was set at 12 ft below the water surface and the local river depth at the diffuser (seep) was set at

9 ft below the water surface and positioned at the shore line. Additionally, the mean ambient receiver

velocities (nearshore Delaware River) were based on the tidal discharge and velocity observations (Paper

1586-C) and those average water velocities (2 to 3 ft/sec) were extrapolated to nearshore conditions (Paper

1586-C).
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A sensitivity analysis was completed with the CorMix model by running multiple iterations, varying the major
input data (port direction and ambient water velocity) to evaluate the sensitivities of the results caused by

changes, or assumptions, in the input data. The two most significant variables identified by the sensitivity

analysis were the port direction and the ambient (receiver) water velocity. Port direction, in this study, was
an approximation of groundwater discharge. The ambient (receiver) water velocity was the only significant
variable with physical meaning. A range of steady ambient water velocities and the tidal methodology were

used In this CorMix modeling. CorMix has modules for modeling both a constant ambient (receiver) velocity

and tidal (oscillating) velocity modules. Both the single velocity and the tidal modules were used in this

study. In this study, the tidal methodology gave results essentially identical to "steady-state" (single ambient

velocity) modeling at a point in the tidal cycle. The lowest dilutions were calculated for at-slack^ conditions
and highest dilutions were calculated for at-peak (highest velocity) conditions.

The CorMix model considers buoyancy effects based on the relative temperatures of the water in the

ambient (Delaware River) and the seep discharge. The ambient river and effluent temperatures were

assumed to be the same temperature (53.6°F) and as a result buoyancy effects would not contribute to the

results.

2.3 Marcus Hook Site Groundwater Flow and Discharge Caicuiations

The following presents the method and data used to determine groundwater flow and groundwater

discharge from the Site to the Delaware River.

The data were taken from previous reports and existing documentation, as identified below.

Groundwater Flux:

Q = KIA Darcy's Law

Where;

Q = Groundwater flow across Site Shoreline (discharge)

K = Hydraulic conductivity

i = Average groundwater gradient (not including pump location)

A = Cross-sectional area for groundwater flow

Darcy Velocity (Kl):

Hydraulic gradients were calculated between well-pair data from the July 2015 Stantec Current Conditions

Report (Stantec 2015). The average value presented below excludes well locations in immediate proximity

to pumping wells. Gradient values were calculated based on the water level elevations presented in Table 1.

Hydraulic conductivity values were calculated based on single-well response tests presented below:

^  "Slack" tide is the point in the tidal cycle where the tide is changing direction. At slack the water velocity is zero.
There is a point in the tidal cycle where the water velocities are at a maximum, "at peak".



Well ft/d cm/s

MW-532 0.4753 1.67E-04

MW-36 0.4931 1.74E-04

MW-320 0.3073 1.08E-04

MW-214 0.1238 4.37E-05

A range of Darcy velocity values were calculated based on the above values and the gradients from Table 1.

k*l (Hid) k*l (ft/sec)

Minimum

Maximum

Mean

Geomean

0.0005

0.0112

0.0033

0,001.8

5.3E-09

1.3E-07

3.9E-08

Cross-Sectional Area (A):

A = DW

Where:

A = Cross-Sectional Area

D = Average Depth of Saturated Aquifer

W = Width of Site along shoreline based on linear length from SW corner of AOI-7 to SE corner of AOI-3

Depth:

Based on groundwater elevations measured in September, 2015

Well D(ft)

MW-532 13.3

MW-531 27.62

MW-530 20.48

MW-529 28.57 i

MW-528 22.86

MW-527 23.62

Ave. Depth 22.74

Width:

W 4,987 ft

Average Area:

A=DW 113,404 ft
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Groundwater Discharge to the Delaware River:

Q = KiA

Q„in= 0.00060 (ft^/sec)

Qmax= 0.01468 (ft^/sec)

Qmean = 0.00437 (ft'/sec)

Qgeomean = 0.00236 (ft^/sec)

Selection of Groundwater Discharge Rate:

Hydraulic conductivity data are log-normally distributed, so a geometric mean may be considered

appropriate. However, as noted above, the hydraulic conductivity values are based on single well response

tests (slug testing), which can underestimate hydraulic conductivity compared to longer duration multiple well
aquifer tests, sometimes up to an order of magnitude. Therefore, the Qmax was used, and rounded up to

0.02 ft^/sec to provide a sufficiently conservative estimate for the mixing factor calculation.

An alternative modeling approach to evaluate the shoreline for the Site is to assume a single very long

multiport diffuser, with lengths from 160 ft up to 1,000 ft. The port density was maintained at 2 ports per

meter length. All other diffuser model settings were kept the same as before. The ports were placed at the

water surface and simulations run at port diameters of 0.8 to 2.5 cm.

The only input data that was varied in the model was diffuser length and river currents. Diffuser lengths of

164 ft, 328 ft, 492 ft, 656 ft and 984 ft and ambient current velocities of 0.003 ft/sec, 0.03 ft/sec, 0.5 ft/sec

and 1.0 ft/sec were used in the model.

2.4 CorMix Results

Figures 2.1, 2.2, and 2.3 present the CorMix results. Figure 2.1 presents all the calculated mixing factors, at

the distance from the seep where the dilution factor begins to exceed 10,000; this is also the distance point

at which passive ambient dilution^ begins. At this point, dilution rapidly increases over a distance of about
3 ft to 4 ft, increasing from about 8 to about 10,000 as the plume rapidly spreads. For these "long diffuser"

geometries CorMix provides output on either side of this transition.

Figure 2.1 presents three points with relatively low dilution factors. These three values were for a "slack tide"
(near zero ambient river current velocity).

Figure 2.2 presents the effect of modeled diffuser length; all five modeled lengths provide similar dilution

factors. This suggests that diffuser length is not a significant variable in estimating dilution factor.

Figure 2.3 shows the effect of ambient river current velocity on predicted dilution factors. If ambient river
current velocity exceeds 6 in/sec, then the predicted dilution factor is at or exceeds 10,000. At the short

period of slack tide, where ambient river current velocity is 0.033 ft/sec or less, and within 1,000 ft to 1,300 ft

of the seep center, the predicted dilution factor is less than 10,000. At dead slack tide at the seep, the

CorMix module 261.
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dilution factor may be as low as 60 but this is only expected to last a few minutes each tide cycle, but as the

tide turns will rapidly rise back up to 10,000.

3. Recommendations

Based on the surface water mixing zone model results, GHD recommends a conservative dilution factor of

10,000 be applied to the Delaware River Basin Commission (DRBC) Surface Water Critiera to back

calculate corrective action objectives for Site groundwater.
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Table 1

Marcus Hook - Gradients Between Well Pairs

Marcus Hook, Pennsylvania

Page 1 of 1

AOI Weil Elevation

Distance from

Upgradient Well Gradient

(ft/ft)

K

(ft/d)

k*l

(ft/d)

k*l

(ft/sec)

3

MW-499 2.82

MW-500 2.37 229 0.0020 0.4931 0.0010 1.1E-08

MW-26 1.97 235 0.0017 0.4931 0.0008 9.7E-09

MW-28 1.48 218 0.0022 0.4931 0.0011 1.3E-08

MW-97 1.85

MW-127 1.73 129 0.0009 0.4931 0.0005 5.3E-09

MW-489 4.15

MW-30 1.27 127 0.0227 0.4931 0.011 1.3E-07

6

MW-320 7.1

MW-35 1.2 184 0.032 0.1238 0.004 4.6E-08

MW-37 -0.3 151 0.0099

MW-321 4.92

MW-176 2.99 286 0.0067 0.1238 0.001 9.7E-09

MW-321 4.92

MW-79 2.98 337 0.0058 0.1238 0.001 8.2E-09

5

MW-325 6.74

MW-141 1.95 156 0.0307 0.3073 0.0094 1.1E-07

MW-40 5.33

MW-324 0.13 262 0.0198 0.3073 0.0061 7.1E-08

7
MW-57 4.12

MW-58 2.24 903 0.0021 0.4753 0.0010 1.1E-08

Minimum:

Maximum:

Average:
Stdev.:

Geomean:

0.0009

0.0321

0.0114

0.0117

0.0061

0.0005

0.0112

0.0033

0.0039

0.0018

5.3E-09

1.3E-07

3.9E-08

4.5E-08

2.1E-08
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HYDROLOGY OF TIDAL STREAMS

OBSERVATIONS OF TIDAL FLOW IN THE DELAWARE

RIVER

By E. G. Miller

ABSTKACT

The investigation described In this report was made at the Burlington-Bristol
Bridge and the Delaware Memorial Bridge, in the tidai reach of the Delaware
River below Trenton, N.J. Continuous measurements of depth and velocity
through complete tidal cycles were made by 5 crews woriting simultaneously on
5 days in August between 1955 and 1957. From these data it was possible to

compute the instantaneous upstream or downstream flow for any selected time
during the measurements.

Maximum rates of tidal flow in the Delaware River proved to be very large,
as compared with the fresh-water flow entering the tidal reach. On the day of

a measurement at the Delaware Memorial Bridge, the maximum downstream
rate of flow was almost 400,000 cfa and the maximum upstream rate was almost

600,000 cfs, as compared with the daily mean discharge of 1,650 cfs at Trenton
on that day. Apparently, reliable flgures of net downstream flow cannot be ob
tained by subtracting the total upstream flow from the total downstream flow
and correcting for changes in storage. Hence, this procedure cannot be used
satisfactorily to detect ground-water inflow.
This report shows that satisfactory correlation might be obtained between

vdocity at a flxed point in a cross section of the river and the mean velocity in
that cross section. Thus, with a continuous record of velocity obtained by a
recording current meter at a flxed point and a continuous record of stage ob
tained by a water-stage recorder, it would be possible to estimate the instanta
neous upstream or downstream flow of the river at any time.

Observations of speciflc conductance at Burlington-Bristol Bridge showed no

significant variation during the tidal cycles sturlled, but at the Delaware Me
morial Bridge the variation was pronounced, showing an increase la specific con
ductance when the tide came In and a decrease when the tide went out. This

variation in speciflc conductance waa a measure of the salinity caused by the
movement of ocean water ui^tream.

INTRODUCTION

During recent years, interstate negotiations for development of the
Delaware River and the rapid growth of population and industry
along the tidal reach of tiie river have created new problems and a

Cl



C2 HYDROLOGY OP TIDAL STREAMS

demand for information about the flow characteristics in the tide-

affected reach below Trenttm, NJT. Except for depths and surface
velocities in navigable channels, little is known about the character
istics of tidal reaches. The information contained in this report is in
tended as a ̂ ep toward defining the characteristics of tidal streams in
general and tlicm of the Delaware River in particular, and to help
point the way toward future investigations.

TOBPOSE AHD SCOPE

To investigate some of the flow characteristic® in the tidal waters
of the Delaware River, a study was started in August 1955 with the
following specific objectives:

1. Compute the amount of upstream and downstream flow for the
selected tide cycles.

2. Investigate the possibility of using the described procedure to com
pute net downstream discharge and to detect ground-water in
flow.

3. Determine the feasibility of relating flow to some index velocity
and a r«»rd of stage.

4. Relate the variaticms in specific conductance to the changes in stage
and velocity.

5. Acquire new knowledge of tidaJ-flow phenomena for use in future
inv^tigations of tidal streams.
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OBSERVATIONS OE TIDAI/ FIjOW IN DELAWARE RIVER C3

COLLECTION OP FIELD DATA

Continuous observations of stage and velocity tliroughout a full
tidal cycle were made on each of 4 days from the Burlington-Bristol
Bridge, N J.-Pa., and on 1 day from the Delaware Memorial Bridge,
N J'.-DeL, as tabulated below:

Locatioo
Mean

discharge
at Treoton

(cfs)

BttrUsgton-Bristol Bridge, N.J.-ra
Do —-
Do...
Do

l>elawa(e Memorial Bridge, NX-Dd.

Aug. 9,im
Aug. IS, t9M..-
AUg. 17. lose
Aug. 24, ISIM...
Aug. it, im

^480
3,860
8,680
4.000
1,690

The sites of the investigations are shown on figure 1. All five of
the tidal-cycle measurements were made at times when the frffiih-
water discharge at Trenton was comparatively low, as shown by the
fact that the mean discharge of the Delaware River at Trenton on
the days of the measurements was considerably below the average dis
charge of 11,790 cfs (cubic feet per second) for the 44 years ending
September 1967. The minimum discharge of the Deleware River at
Trenton during those 44 years was 1,220 cfs on September 18 and 19,
1932.

On all 5 days that tidal-cycle measurements were made, daylight
hours were utilized to the fuUest extent possible. Dates were selected
so that either high tide or low tide occurred shortly after sunrise.
Ol^rvations were made from this time of high ot low tide until the
similar tide returned shortly before sunset.

INDEX CDEBENT METEB

Observations of depths and velocities of the tidal flow were made
from the bridges by using 75-pound sounding weights and Price
current meters. A key element of all the tidal-cycle measurements
was the operation of an index current meter near the center of the
main channel at each bridge. Tliese meters were maintained at 0.6
of the depth below the surface, although occasionally check observa
tions were made at 0.2 and 0.8 of the depth below the surface. During
the first tidal-cycle measurement, observations by the index velocity
meter were made every 15 minute, but changes of velocity were so
rapid and surges and pulsations of flow so extensive that these obser
vations were not frequent enough to define velocity changes with
satisfactory accuracy. During all subsequent measurements, readings
of velocity at the index meter were made every 6 minutes except dur-
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Fiecim 1.—Map showing tidal reach of the Delaware River.

ing slack water when readings were made continuously. This pro
cedure gave adequate definition although there was considerable
scattering of the mdividual observations. Figure 2 shows a typical
example of the extent of this scattering and the mean curve that was
drawn through the points.
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ADDITIONAL OBSERVATIONS

In addition to the velocity observations made at the index meter,
muneroiis determinations of depth and velocity were made through
out each day of the tidal-cycle measurements. Four stream-gaging
crews made systematic observations at designated stations across the
entire cross section. Each crew covered approximately one-fourth
the width of the river and repeated its series of observations as soon
as one series was completed. Tliis routine was continued throughout
the day of each measurement.

SOUNDINGS

Soundings of the depth of water at each station were made concur
rently with velocity observations,.^and a record of river stage was
obtained by a temporary water-stage recorder installed on the crib
work near one of the main piers. Each sounding was adjusted for
tlie stuge at the time of observation to give a depth of water referred
to zero gage height at the temporary gage. All adjusted depths were
averaged for each station for each tidal-cycle measurement, and
standard cross sections were drawn, as shown in figures 3 and 4. At
the Burlington-Bristol Brid^ repeated observations were made at
32 stations and single observations at 22 additional stations. At the
Delaware Memorial Bridge repeated observations were made at 34
stations and single observations at 11 additional stations. A consider
able change in the cross section at the Burlington-Bristol Bridge was
cansed by scour during the flood following hurricane Diane, August
20,1955, as can be seen in figure 3.

DETERMINATION OF MEAN VELOCITY

The mean velocities at all stations in the cross section, other than
those at the index meter, were detennined by averaging the observa
tions at 0.2 and 0.8 of the depth below the surface. To test the validity
of the two-point (0.2 and 0.8) method, vertical velocity curves were
obtained for two stations in the cross section at the Burlington-Bristol
Bridge (fig. 5). These ciirv^ were based on velocities obtained at
5-foot vertical intervals on August 23, 1956, when the direction of
flow was upstream. The .sliapes of tlie resulting curves are typical of
vertical-velocity curves for comparatively deep, sluggish streams. At
these two stations, the mean velocities obtained by the two-point
method agreed within a few percent with the mean velocities obtained
by integrating the vertical-velocity curves, which demonstrates the
validity of the two-point method at the Burlington-Bristol Bridge
cross section. Although no vertical-velocity ctrrves were obtained at
the Delaware Memorial Bridge, it is believed that this bridge also is
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far enough upstream from the entrance to the bay so that, the two-
point method of determining mean velocity is valid.

ANALYSES OF DATA

VELOCITY VAIULATIONS

A velocity hydrograph at each designated station of the cross sec
tion throughout each tidal-cycle measurement was drawn on the basis
of velocity observations at each station, with consideration being given
to the shape of the velocity hydrograph at the index meter for the
same day. An example of a velocity hydrograph is shown in figure 2.
This figure shows the 11 velocity observations made at station 900 of
the Burlington-Bristol Bridge on August 16,1956, plotted on the same
sheet and to the same scales as the vdocity hydrograph at the index
meter located at station 760. The dashed line was drawn through the
points of the velocity observations at station 900 with interpolation be
tween points based on the shape of the velocity hydrograph for the in-
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dex meter. At some stations, as many as 15 observations were made
in the course of a day. At almost all the stations four or more obser
vations were made except at those on the tidal flats where there was no
water at low tide.

Figure 2 shows tliat the velocity hydrograph, as drawn for station
900 of the Burlington-Bristol Bridge on August 16,= 1956, differs little
from the velocity hydrc^raph for the index meter.
Although figures showing the rate of flow are tabulated in this re

port for all four measurements made at the Burlington-Bristol
Bridge, only the hydrogniphs for the measurement made on August
16, 1956, are shown. The hydrographs for the other three measure
ments are available for inspection at the Trenton district office of the
U.S. Geological Survey.
The velocity hydrographs made it possible to determine the velocity

at any designated station for any time during the measurements. In-
formatimi from these curves was used to draw the parts of figures 3
and 4 which show the velocity variation across the Delaware River at
the times of maximum upstream and downstream velocity at the Bur
lington-Bristol Bridge on August 16, 1956, and at the Delaware Me
morial Bridge on August 21, 1957. Similar plots could be made for
any specific time during the days of measurement.

GAGE-HEIGHT VABIATIONS

The gage-height hydrographs indicating the variations of the water
level during the tidal cycles at the Burlington-Bristol Bridge on Au
gust 16, 1956, and at the Delaware Memorial Bridge on August 21,
1957, are shown in figures 6 and 7. Tfiese records of stage were ob
tained from the temporary water-stage recorders. The variations of
velocity at the index meter for the same two measurements are also
shown in figure 6 and 7. This combination of stage and velocity hy
drographs on the same sheet presents a go<rii picture of the behavior
of flow during the particular tidal cycles shown.

FI^W COMPtTTATIOKS

With depths and velociti^ available for all stations and tim^ dur
ing the tidal-cycle measurements, it was a simple procedum to com
pute the flow for any instant. The depth of water was obtained by
adding the gage height for the particular time to the depth obtained
from the standard cross section for zero gage height, and the velocity
was obtained from the velocity hydrograph. Then the flow was com
puted by summing the products of areas and velocities for the subsec
tions of the channels. This method of computing the flow utilized
values of depths and velocities that occurred from one shore to the



6
 7
 

8
 

9
 

10 
11 

IZM 
I 

2
 

3
 

4
 

5
 

S
 

2P.M.

Ill 
6

sU
3

O5
 2

25.000 r 
0
 +
3

a§

5
0
.
0
0
0

2
5
.
0
0
0

usS
 -
2
5
.
0
0
0

-
5
0
.
0
0
0

+
2

1I: 
0

e2fc -
1

§SI
-
2

1
R
o
w

1
 "
1

 ̂
r
/
^

^'^vetoci^
8
t
 m
d
e
x
 m
t

l»r

J
\

1
J
V 1/

i1
\

'
'

V
-
2
5
.
0
0
0
1
-
 

-
3

FIOOBI 6. 
Gage height, yelodty, and flow hydrographa of Delaware River at Burllngton-Brlatol Bridge, August 16, 1956.

HiIC
O

oms0»1wO



9

$A.M. 7 to it P.M.

400.000

Si

I
tij
is;

«

200.000

-200.000

-400.000

-eoaooo'-

oocfty St mdnc fmrtflr

63

§

§

a
O

0?

m

SItQOBS 7»—(Hge belght, aod flow hydrogra^s of Delaware EtTer at Delaware Mmorial Bridge» Augoat 2t» 1957.



OBSERVATIONS OP TIDAI. PLOW IN DELAWARE RIVER C13

other at the particular moment d^red, and thus overcame the prob
lem of rapidly changing stage and velocity. The flow was computed
for eadi hour and the computed values were plotted and connected
by a smooth line. The flow hydn^raphs at the Burlington-Bristol
Bridge on August 16,1956, Mid at the Delaware Memorial Brid^ on
August 21, 1957, are dhown on figures 6 and 7 along with the gage-
height and index-velocity hydrc^rapha The computed values of flow
for all the measurements are tabulated in table 1.

To compute the volume of water flowing in each direction between
tim® of slack water, the areas under the flow hydrographs were
planimetered, and the resulting areas were converted to cubic fe^.
These totals, shown in table 1, indicate for each day of the measure
ments the total volumes of upstream flow past the bridge during
flood tide and downstream flow past the bridge during ebb tide. The
difference between these two volumes is a measure of the net flow down
stream during the tidal cycle. However, the net flow is a compara
tively smaU difference between two large numbers, and the errors in
the large numbers would be greatly magnified in the difference. For
example, at the Burlington-Bristol Bridge on August 16,1956, chang
ing the computed values of upstream and downstream flow by 5
percent could chan^ the differmce by 34 percent. Furthermore, a cor
rection would have to be made for change in storage, because the gage-
lieight or tide level at the end of the measurements was never the same
as at the beginning. This change in storage was substantial in most
of the tidal cycles observed during the investigation. There are more
than 5 square miles of water surface between the Burlington-Bri^ol
Bridge and the head of tide at Trenton and more than 50 square miles
of water surface between the Delaware Memorial Bridge and Trenton.
Thus, the complications in attempting to compute accurate corrections
for tidal storage over such large water areas, mud flats, and swamps,
are obvious. Considering the effect of these two sources of error, it
appears that reliable figures of net downstream flow cannot be ob
tained by subtracting the total upstream flow from the total down
stream flow and correcting for change in storage.

WATER TRAVEL

An estimate of water travel can be obtained from velocity Jiydro-
graphs such as those shown in figure 6 and 7. The areas imder the
velocity curves for the index meter betwwn times of slack water were
planimetered, and the resulting areas were converted to distance, in
feet, of water travel. The distances obtained by this procedure are
listed in table 1. They repr^ent the length of a filament of water
passing the index meter and not necessarily the distance traveled by
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any given particle of water. Tlie actual travel of water during a flood
tide or an ebb tide is affected by changes in cross-sectional area up
stream or downstream from the measured cro^ section. If the channel

were uniform in cross section and if the distances tabulated in table 1

were multiplied by a factor to adiust the velocity at the index meter to
the mean velocity of the river, the mean water travel during a tidal
cycle could be obtained. The channel, however, has no abrupt contrac
tions in cross section for several miles upstream or downstream from
the two bridges. Therefore, as the index meter was near the point of
maximum velocity in the cross section, the length of the filament
passing the index meter represents fairly closely the maximum dis
tance any one particle of water could travel during that tidal cycle.

VELOCITT BEEATIONS

Correlation curves were drawn to check the relationship between
the velocity at the index meter and the mean velocity in the river.
The mean velocity in the river at each hour of the tidal-cycle measure
ments was determined from the hourly discharge measurements that
had been computed previously, and the velocity at the index meter for
the same times was obtained from the velocity hydrograph at the
index meter. Figure 8 shows the plotting of all these hourly data
for the four tidal-cycle measurements at the Burlington-Bristol
Bridge. The relation curve is a well-defined straight line passing
through the origin with a slope of 0.90, indicating that at all times
the mean velocity in tlie river was about 0.90 that of the index
velocity. So long as tliis relation holds, the only base data required
for computing the flow of the river at this location for any instant are
the gage height and a velocity reading at the index position.
Other points in the cross section away from the main river traffic

might be used for the location of a flowmeter in case further studies
or a continuous record are desired. Station 415, located near a pier,
was selected as a location where a permanent flowmeter might be
installed; and a curve was drawn to check tlie relation between the
velocity at station 415 and the mean velocity in the river. This curve
(fig. 9), constructed in a manner similar to that used for constructing
the relation curve for the index meter location is a straight line pass
ing through the origin with a slope of 1.05, indicating that the mean
velocity in the river was about 1.05 times that at station 415. No other
sites for locating a flowmeter were investigated, but it is possible that
other suitable locations with good correlations could be found.
The curve in figure 9 shows the relation between the mean velocity

at station 415 and the mean velocity in the river. The velocity obser
vations at station 415 were taken at 0.2 and 0.8 of the depth below the
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surface, but it is assumed that velocity observations at a fixed per
centage of the depth below the surface would have correlated with
the mean velocity in the river equally well. If a permanent flow-
meter were ever installed in the river, however, it probably would be
located at a fixed elevation. As the depth of the water varied, the
percentage of the depth that the fixed flowmeter was below the sur
face would also vary. Therefore, before any flowmeter is installed
at a fixed position, it must be established that the velocity at the
fixed position correlates well enough with the mean velocity at the
station that the fact that the depth of the water changes with tide may
be disregarded. Also, if the meter is installed at some station other
than station 415, the relation between the mean velocity at that station
and the mean velocity in the river should be established.
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Although the observations at the Delaware Memorial Bridge were
made for only 1 day, the relation of the velocity at the index meter
with the mean velocity in the river, as shown in figure 10, appears
to be satisfactory. It is drawn as a straight line passing through the
origin with the mean velocity in the river 0.87 times that of the index
velocity. Two other sites away from the main river traffic were
investigated as possible locations for an index meter in case further
studies or a continuous record were desired. Figures 11 and 12 show
the relation curves of the mean velocity in the river with the velocity
at stations 2600 and 480O respectively. Both are drawn as straight
lines passing through the origin with the mean velocity in the river
0.80 and 1.07 tim^ that of the selected station velocity, respectively.
Since the number of observations at each of these points is small,
additional data should be obtained before a site is chosen for a perma
nent flowmeter at the Delaware Memorial Bridge.
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SPECIFIC CONDUCTANCE OBSERVATIONS

Observaticais of specific conductaiM^ of the river water were made
during the tidal-cycle measurements at the Burlington-Bristol Bridge
on August 16, 17, 24, 1956, and at the Delaware Memorial Bridge on
August 21,1957. At the Delaware Memorial Bridge a clearly defined
variation in sjmcific conductance was shown by the continuous con-
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ductance recorder located near the tower pier on the Delaware side
of the main channel. To investigate the relationship between the
mean specific conductance in the river cross section and the specific
conductance at the site of the continuous recorder, water samples were
taken at, various points and times during the day and specific con
ductance was measured. Samples were taken about four times an
hour at the index meter at 0.6 depth. At four times during the day,
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water samples were taken at the top and bofettMn at five other desig
nated spots in the cross section. Figure 13 shows the plotting of the
specific conductance for all these observations. Where samples were
taken at top and bottom, the mean of the two values was plotted.

Because of the limited number of observations, no attempt was
made to compute an exact weighted mean specific conductance in the
river for any time. The observations of specific conductance taken
at 0.6 depth at the index meter seemed to average in a general way
the spot samples taken acr(BS the cross section, however, and a line
connecting the individual observations at 0.6 depth at the index meter



Smoothed curvt for samptet M 0.6

depth al in^ motor
EXPLANATION

RiMn of Mmplos «1 top ar»d bottom.IIOOO
mklway t)etweor> the ffew Jersey pier
end abutment

hrom 0.6 depth M Indee meter

Mean of ssmples at top and bottom.lasoo
mdway between the New Jersey pier
and center of ctiannet

o

Mean of sampies at top and bottom at
index meter

10.000

Mean of san^Mes at top and bottom,
midway between the Detawere pier
and Moter of ct^nnel

Mean of umples at top and bottom,
midway between the Delawire pier
and abutment

contintfous conductence recorder
near Drtoware tower pier

o

8

o
so
o

s
o
K

o

a
o
>
f

m

M

ssoo

Fismui 18.—SpceUe condaeUnec hydrognpbft of Delawaro Btvcr at Delaware Uemorlal Bridec^ Aornat 81,1M7.



OBSEEVATIONS OF TIDAL FLOW IN DELAWARE RIVER C21

was roughly parallel to the line of variation of specific conductaJice
obtained from the continuous conductance recorder. A smoothed

curve for the samples at 0.6 depth at the index meter was drawn as
shown in figure 13 and considered representative of the variation in
specific conductance in the river cross section for the time of the
observations.

A comparison of the curve of representative specific conductance,
as shown in figure 13, with the variation of gage height at the Dela
ware Manorial Bridge, as shown in figure 7, demonstrates the
general relation that as the tide c<Hnes in, the specific conductance
increases, and as the tide goes out, the specific conductance decreases.
The actual values of the specific conductance, however, depend upon
the antecedent conditions of river discharge and water level in the
bay.

It was shown by Durfor and Keighton ̂ that above a chloride con
centration of 60 ppm (parts per million) in the Delaware River tidal
estuary, the relation between the chloride concentration and electrical
conductivity is approximately a straight line when plotted on a
Ic^arithmic scale. Thus, the record of the variation of specific con
ductance through the tidal cycles can be used as a measure of the
variation of chloride concentration, which in high concentration indi
cates primarily the presence of sea water. By comparison of the
specific conductance of the water at the Delaware Memorial Bridge
with that of fresh water entering the tidal estuary and the specific
conductance of sea water, it is pc^ible to compute by a simple pro
portion the fraction of the water passing the Delaware Memorial
Bridge that had its origin from fresh-water sources and the fraction
that had its origin from oceanic sources. It seems that additional
investigation of the relations motioned above would be a desirable
contribution to the study of tidal estuaries.

The results of the observations of specific conductance for the meas
urements at the Burlington-Bristol Bridge are not recorded in this
report. The specific conductance determinations varied between 185
and 210 micromhos, approximately the same values as obtained for
samples of fre^ water taken at the head of tide at Trenton. Obvi
ously, the variation in values of specific conductance at the Burling
ton-Bristol Bridge was not directly related to tidal action, and it was
not possible to distinguish the direction of flow at any time from spe
cific conductance determinations at this location.

« Durfor, C. N., and Keighton. W. B.. 1964, Chemical characterlstlcB of Delaware Elver
water, Trenton, New Jersey, to UarcuB Hook, Pennsylvania; VS. Qeol. Survey Water-
Supply Paper 1282, 6g. IS.
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CONCLUSIONS

Velocity hydrc^raphs were constructed for all designated stations
in the cross sections so that the velocity at any station could be deter
mined for any time during the tidal-cycle measurements. These fig
ures of velocity, in conjunction with soundings, were used to compute
river flow during the measurements.
In all five measurements, the maximum upstream velocity at the

index meter was greater than the maximum downstream velocity.
This is illustrated in figures 6 and 7. For the four measurements at
the Burlington-Bristol Bridge, the downstream flow was sustained for
a longer period than the upstream flow. This was not true for the
measurement at the Delaware Memorial Bridge, prt^bly because the
evening high tide was 1.4 feet higher than the morning high tide and
resulted in a comparatively large upstream flow.
The maximum rates of tidal flow at the Delaware Memorial Bridge

dwarfed the fresh-water discharge of the Delaware River entering the
tidal section of the river. On the day of the measurement at the Dela
ware Memorial Bridge the maximum rate of dovmstream flow was al
most 400,000 cfs, and the maximum rate of upstream flow was almost
600,000 cfs. The same day, the mean discharge of the Delaware River
at Trenton was only 1,650 cfs. The maximum discharge ever recorded
at Trenton was 329,000 cfs on August 20, 1955, a lower rate of flow
than an ordinary rate of tidal flow at the Delaware Memorial Bridge.
A measure of distance of water travel during the tidal cycles was ob

tained by integrating the areas under the velocity hydrographs at
the index meters. The length of these filaments of water passing the
index meters ranged from 28,700 to 48,100 feet at the Burlington-
Bristol Bridge and from 49,200 to 62,600 feet at the Delaware Me
morial Bridge. Additional investigations might develop the relation
ships between these measures of water travel and some aspects of the
actual water travel. If valid correlations could be made, the sim
plicity of determining water travel by measuring at one spot with a
current meter would make the method useful.

AH five tidal-cycle measurements were made at times when the
fredi-water discharge at Trenton was comparatively low. To d^r-
mine the effects of higher fi-esh-water discharge on tlie tidal flow,
it would be desirable to make additional measurements at times of

medium and high river dischar^.
The combinations of the ranges of tides causing tidal flow are limit

less. Of the five measurements made, three were metde from high tide
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to high tide and two from low tide to low tide. On two occasions the
height of the evening tide was within cme-half foot of the height of
the morning tide; on two occasions the height of the evening tide was
aboat one foot lower than the morning tide; and for the measurement
at the Delaware Memorial Bridge the evening tide was 1.4 feet higher
than the morning tide. Other tidal ranges could be selected for future
investigations that would add to this variety.
Although the variations in river flow during the five measurements

were well defined, it was concluded that reliable figures of net down
stream discharge could not be obtained by subtracting the total up
stream flow from the total downstream flow and correcting for changes
in storage. It follows that this procedure could not be used satisfac
torily to detect ground-water inflow. Work could be done to improve
the accuracy of the flow determinations and to refine the figures of
storage corrections to obtain more dependable net discharge figui^
but a realistic appraisal of the prci>able results ^ould be made
before any work is started.
The correlations showed that at some stations away from the main

ship channel the mean velocity in the vertical correlated quite well
with the mean velocity in the river. This result indicated that a per
manent flowmeter might be installed at one of those stations to pro
vide a continuous record of velocity at that point, which in turn would
provide the mean velocity in the river through use of the correlation
curve. Before any flowmeter is installed for this purpose, however,
additional investi^tions should be made to determine whether vel
ocity at a fixed point in the vertical would correlate satisfactorily with
the mean velocity in the river cross section. If the answer to this ques
tion should prove to be affirmative, it would be entirely possible to
compute a continuous record of the tidal flow with records from a
flowmeter and a continuous water-stage recorder as the base data.

Observations of specific conductance at the Burlington-Bristol
Bridge showed no significant variation during the tidal cycles studied.
At the Etelaware Memorial Bridge, however, the observations showed
a pronounced variation in specific conductance. It was observed that
as the tide came in the siiecific conductance increased and as the tide
went out it decreased. The variation in specific conductance was a
measure of the salinity caused by the movement of ocean water up
stream. Thus the specific conductance observations could be used to
compute the fraction of the water passing the Delaware Memorial
Bridge that had its origin from oceanic sources.
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Tablh 1.—Computations of hourly fiow of Delaware River at Burlington-Bristol
Bridge and Delaware Memorial Bridge, August 1$SS~S7

Time
(ej.t.)

Qage height
(ft) Area (sq ft)

Downstream Upstream

Mean velocity
(fpe)

Flow (cb) Mean velocity
(fps)

Flow (eft)

BarIingten.Briatal Bridge, Augnat 9, 1955

0:44 a.m. 6.7 32,000 0 0 0 0
7M 0.5 32,300 .51 18,000
SM 5.0 31,200 202 63,000
95)0 4.5 30,000 215 64,300
105» 3.4 28,600 1.66 47,500
115X1 2.3 27,300 1.57 42,000
15)0p.]tt. .4 25,100 1.23 31,000
1:53 .2 24,900 0 0 0 0
2.00 .4 25,100 .86 21,600
2:30 1.8 36,700 218 58,300
35)0 2.6 27,800 271 76,000

68,3004:00 4.0 29,300 233
4:30 4.8 30,200 203 61,300
55)0 5.6 31,200 1.99 62100
05X) 0.7 32,600 1.48 48,400
75)0 7 1 33,100 .55 1A200
7:36 p.m. 6.9 32^ 0 0 0 0

Intemted length of water tnvel pagt index eunent meter during Ude cycle:
Downsercszn. teet —
Upstream do ...

Intested volume of water movement duri^ tide cycle;
Downstoeam million cuhie lieet
Upstream do

.41,000

.41,000

. 1,000

. 1,040

BarUngton-Briatol Bridge, Aufiut 10, ItSO

0:36 a,m. 27 26,400 0 0 0 0
75)0 1.3 27,100 1.23 33,300
8:00 25 28,500 2 31 65,900
MO 4.0 30,300 1,86 56,500
10:00 5.1 81,700 1.41 44.600
115)0 5.6 32300 .62 20,100
11:30 5.5 32200 0 0 0 0
125)0 m. 5.2 31,800 .92 29,200
15)0 p. m. 4.3 30,700 202 82000
35)0 2.2 28,200 1.64 46,200
5.5)0 .2 25,900 1.38 35.700
0.5)0 -.4 25,200 .87 22,000
0:28 p.m. -.1 25,500 0 0 0 0

Intqmted length of water travel past index current meter during tide cycle:
Downstream feet— 39,000
Upstream do... 39,100

Inte^Bted volume of water movemmt during tide cyde;
Downstream miUioo cubic feet.. 1,030
Upstream do.. 700



OBSERVATIONS OF TIDAL FLOW IN DELAWARE RIVER C25

Table 1.—Computations of hourly flow of Delaware River at Burlington-Bristol
Bridge and Delaware Memorial Bridge, August I9SSS7—Continued

Time
(eA.t.)

Oage height
at) Area (sq ft)

Downstream Upstream

Mean velocit)'
(fps)

Flow (06) Mean velodej'
ape)

Flow (eft)

Barlington-Brlstol Bridge, Augsat IT, USS

7B0a.m 0 25.800 1.06 27,800
733 . 1 25,000 0 0 0 0

830 1.8 37,400 1.46 40,100
030 2.0 28,700 231 66,200
1030 4.0 30,500 1.96 59,700
1130 S.1 31,900 1.45 46,100
1230 m 5.7 33,600 .66 18,200
1234 p.m 5.8 82,800 0 0 0 0

1.30 5.8 32,100 1.06 34,200
330 4.4 31,000 1.93 60,000
830 A3 29,500 1.81 53,500
4:00 81 28,300 1.63 45,900
0:00 .2 28,000 1.29 33,500
730 -.4 25,400 .60 15,200
7:lS p.m. 0 25,800 0 0 0 0

Tate^ted lengtb of water travel past Index mnrrent meter daring tide oyeie:
Downstream .... .... leet.. 40,100
Upstream do 28,700

Int^ated volume of water movement daring tide i^cle:
Downstream. mllKoD cubic feet.. 993
Upstream do M4

Barlington-Briatoi Bridge, Angnat U. UK

4:46 ajn. 7.2 34,600 0 0 0 0
530 7.0 34,200 ,68 23,200
630 6.0 33,000 202 66,500
730 4.9 31,600 209 85,800
930 AS 29,000 1.61 46,600
1130 1.0 26,900 1.36 36,600
1330 m .7 28,800 ,15 3,980
1333 p.m. .9 36,800 0 0 0 0

130 26 28,700 218 62,700
230 4.0 30,600 231 70,200
3.00 AS 32,300 1.67 54,200
4.30 6.2 33,200 1.00 33,200
4:42 21 33.000 0 0 0 0

530 p.m. 5.8 82,700 .79 35,900

Integrated length of water travel past Index eamnt meter daring tlite cjrole:
Downstream. ... ........ .......fiBet-. 48,100
Upstream do 20,300

Intenated volume of water movement during tide C7<^:
Downstream mlHlon oubio feet.. 1.280
Upstream.. do.. 797



C26 HTDROLOGY OP TIDAI. STREAMS

Table 1.—Computatiom of kourlp flow of Delaware River at Burlington-BrUtol
Bridge and Delaware Memorial Bridge, August 1955-57—Continued

Tlmo
(CA-t.)

QUfebetgbt
(ft) Ares (sq ft)

Downatream Upstream

Mean veloclt;
(Ipe)

FlowCcfs) Mean velocity
<fps)

Flow (cfe)

Delaware Menorlat Bcidgte, Aagwt 21, 16S7

7M a.m. 4.8 in, 000 2.48 434,000
8:00 4.8 171,000 1.63 280,000
8:88 4.2 168,000 0 0 0 0
6:00 4.1 167,000 .17 28,000
10 iX) 8.0 161,000 1.83 245,000
11:00 3.1 158.000 3.34 348,000
12.-00m. 1.3 181,000 2.81 394,000
1:00 p.m. .7 148,000 XSl 370,000
2M .3 145,000 296,000
sao .7 148,000 .48 13,100
3:13 1.1 180,000 0 0 0 0
4«) 2.8 188,000 3.03 823,000
8:00 3.8 168,000 8.18 623,000
6.00 AO 173,000 A44 694,000
7:00 A8 177,000 A26 67A000
8:00 A3 180,000 A44 418,000
9:00 AO 178,000 1.33 230,000
8:87 p.m. AS 175,000 0 0 0 0

Int«rsted length at wAtar tnvtl put Index aarant meter during tide eyde;
Downstream feet.. 48,300
Upstream do 02,800

Int^iUed Toliune of water movement doting tide erde:
Downstream miUan cubic feet.. 6,S60
Upstream do 6,420
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